INTRODUCTION
Regulation of triggered exocytosis depends on various cytosolic factors including proteins, Ca2' and nucleotides (for review, see [1, 2] ). With many cells, the techniques of electroporation and chemical permeabilization have been applied to allow such regulatory compounds or ions to gain access to exocytosis sites [1] . In these cases, however, these components have access to not only the internal but also the external side, and some effects might be difficult to interpret. For instance, Ca2+ in many cases is considered to be involved not only in membrane fusion regulation [2] [3] [4] , but also in the discharge of secretory contents [5] . This is the case in Paramecium cells [6] , in which we also found a cytotoxic effect of exogenous ATP or GTP. Since patch-clamp procedures are also not applicable to all cell types, e.g. to Paramecium cells, use of two different methods of compounds to be tested, by permeabilization or microinjection, appears to be feasible.
The Paramecium cell is a favourable system for analysing the final steps in exocytosis for various reasons. Most secretory organelles (trichocysts) are firmly attached to the cell membrane, ready for immediate release in response to polyamine secretagogues (for review, see [6] ). The cell surface complex ('cortex'), with trichocysts and subplasmalemmal compartments (alveolar sacs, probably Ca2+ stores) still attached, can be isolated for studies in vitro [7] . In addition, substances can be easily microinjected into Paramecium cells [8] . Trichocyst contents are released as thin needles that can be counted in the light microscope for quantification of exocytosis [7] .
Therefore we have now used the Paramecium system for analysis of regulation of exocytosis both in vitro and in microinjection studies. Since ATP and GTP are seen to be important, we have also determined their concentrations in vivo by h.p.l.c., both before and immediately after exocytosis which in this system takes place synchronously within 1 s [6] . This allows the estimation of GTP consumption per exocytotic event and thus may give some clues to possible mechanisms involved in signal transduction.
It is also important to compare secretory cells of a different evolutionary level to understand basic mechanisms in common to all eukaryotes. Only in a limited number of higher eukaryotic cells, like egg cells [9] , can the majority of secretory vesicles also be released without any interference of intracellular transport phenomena, as in Paramecium. So far, cortex preparations comparable to ours have been obtained only from some egg cells [9, 101.
MATERIALS AND METHODS Preparation of cortices
Cultivation of Paramecium tetraurelia strain 7S (wild type), counting of cell numbers and processing of cortices was as described before [7] . Briefly, cells were disrupted in a glass Potter-Elvehjem homogenizer with a loosely fitting Teflon pestle (clearance 0.1 mm, 20-30 strokes) at room temperature in 5 mMTris/maleate/1O mM-MgCl2, pH 7.0. Cell disruption was assessed by light microscopy and cortices were isolated at 4°C by centrifugation (50 g, 2 min). Exocytosis was triggered in vitro by diluting the MgCl2 concentration from 10 to 0.5 mm with 5 mMTris/maleate/50 mM-KCI in the presence of 10 /M-Ca2+. The medium was thus roughly adjusted to mimic intracellular conditions (Table 1 ) (the omission of Na+ had no effect in pilot experiments). Quantification of exocytosis in vitro in the phase-contrast microscope was also as described before [7] .
In some experiments, KCI was replaced by potassium glutamate or potassium gluconate and MgCI2 by MgSO4 for reasons indicated by Baker & Knight [3] . However, in this case the exocytotic response was lower than with the standard conditions indicated above.
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Measurement of pCa
Actual pCa values were determined using a Ca2l-carrier type ETH 129 electrode [19] . Calibration curves were obtained with pCa values between 10 and 2 in the following buffers [20] : EGTA (pCa = 7-10), HEEDTA (N- [2-hydroxyethyl] Cell triggering was performed in vivo using 0.0050% (w/v) aminoethyldextran (AED), as indicated previously [6] .
Microinjections were performed according to the same methodology and with the identical instrumentation as described previously [8] . Cells were then exposed to AED as indicated above. Trichocyst release was monitored over different time periods.
Cell volume was estimated from light micrographs to be 10-10 litres, as a reference volume for calculating intracellular concentrations. RESULTS 
Establishment of the in vitro system and effects of Ca2+, Mg2+ and pH
To study exocytosis in vitro, cortices were isolated in a medium roughly adjusted to resemble the estimated internal milieu (Table 1) . A pMg value of 2 was used for isolation in an inhibited state in the presence of a pCa of 5. Dilution of Mg2+ from 10 to 0.5 mm, a level close to physiological conditions, sufficed to trigger exocytosis in vitro. Exocytosis was maximal with a pCa between 5.5 and 5 (without nucleotides added) and declined at lower or higher values (Fig. 1 ). Dependency on pH showed a plateau at a value of around 6.5, with half-maximal activity at pH 6.0 and total inhibition at pH 5.0 (Fig. 2) . Throughout this study, 1000 exocytosis means the amount of exocytosis observed under standard trigger conditions (pCa = 5; Mg2" concentration shift from 10 to 0.5 mM; pH 7.0; without nucleotides added).
Nucleotide contents in vivo
To adjust the system to physiologically relevant concentrations, nucleotide concentrations occurring in vivo were determined by h.p.l.c. before and immediately (1 s) after exocytosis triggering by the polyamine secretagogue AED. Fig. 3 is a representative h.p.l.c. chromatogram. Fig. 4 shows ATP concentrations (1.25 mM) which are comparable with previous data (Table 1) , with no statistically significant change at 1 s after exocytosis; the same holds for ADP (1.1 mM). During exocytosis, however, GTP concentrations decreased significantly by one third, from 0.35 to 0.23 mM (Fig. 4) ; GDP concentrations change inversely; in both cases statistical significance is achieved (P < 0.05) (Wilcoxon test).
Combined nucleotide and ion effects in vitro Fig. 5 shows the inhibitory effect of ATP and of nonhydrolysable analogues ATP[S] and App[NH]p (when added immediately before exocytosis triggering in vitro) at physiological concentrations of ATP. Only concentrations of less than 10 pM were not inhibitory. GTP and its analogues were slightly stimulatory (Fig. 5 ), but barely so at physiological concentrations (Table 1) . However, GTP caused a significant left shift of the Ca2+-sensitivity curve (Fig. 6) (Fig. 4) , sensitization for physiological Ca2+ levels (pCa approx. 6-7; Table 1 ) can be achieved; this is shown in Table 2 , with values derived from [GTP] versus pCa curves (only partly shown in Fig. 6 ).
Since a shift in Mg2+ concentration from 10 to 0.5 mm (in the presence of a pCa of 5) was routinely used to trigger exocytosis in vitro (standard trigger conditions), the effects of GTP and pMg were analysed (Fig. 7) . Regardless of whether GTP was present or absent, 10 mM-Mg2+ caused total inhibition, whereas 0.5 mMMg2+ allowed for maximal exocytosis.
Reversibility of the effects of ATP and GTP and their interaction When isolated without nucleotides, cortices remained fully reactive for 1 h; stimulation by GTP was slightly decreased by 2 h, whereas the inhibitory effect of ATP persists for a long time (Table 3a, b) . When ATP or GTP were applied to cortices for different incubation periods and then removed, the 100% standard response was maintained for 1 h (Table 3c ). It is evident from Table 3 that effects of ATP and GTP can be rapidly reversed. However, when GTP effects are tested after different periods of preincubation without nucleotides (Table 3d) exocytotic response declined markedly between 30 and 60 min. Therefore aging phenomena were avoided in our analysis by using cortices for up to 30 min only. Though ATP was inhibitory and GTP was stimulatory (Fig. 5,  Table 3 ), the presence of ATP or GTP during the whole cortex preparation and isolation procedure increased the exocytotic responsiveness of the system to GTP (Table 4 ). This was particularly evident for physiological ATP levels (1 mM), which are inhibitory per se (Table 3 ) unless diluted during triggering of exocytosis (Table 4) .
Microinjection studies
We observed that ATP or GTP added to whole cells in concentrations equivalent to those occurring within the cells impaired cell viability. When microinjected, ATP, GTP and analogues, as well as ADP and AMP, in amounts equivalent to (adenosine nucleotides) or somewhat higher than (guanosine nucleotides) the respective endogenous concentrations, caused no cell damage. We then looked for a direct trigger effect or, at different time periods after injection, for an inhibition of AEDtriggered exocytosis (Table 5) .
Retardation of exocytosis occurred within I min with Tris-or Mg2+-ATP. This corresponds roughly to the time required for ATP pool turnover [7, 17] . Interestingly ATP[S] had no effect, whereas App[NH]p was ineffective over short (30 s) periods, but most effective over longer periods of time () 5 min). ADP and AMP had no effect (Table 5) .
GTP caused slight (10%) exocytosis by 30 s, which slowly increased ( < 80 % at 5-10 min) in the absence of a secretagogue. Table 5 also shows permanent inhibition by microinjected GTP[S], whereas Gpp[NH]p had no effect.
Microinjected Ca2+ does not trigger exocytosis in Paramecium, probably due to rapid sequestration. Microinjected pyrophosphate or phosphate (up to 1 mm tested) was also without any effect (results not shown).
DISCUSSION
Comments on the system used By adjusting our system in vitro to ion and nucleotide concentrations occurring in vivo (Table 1) we tried to obtain physiologically relevant data. Values for pCai at rest or in the activated state are derived from electrophysiological analyses of the 'ciliary reversal reaction' (see Table 1 ). Direct pCa measurements were not possible, since Paramecium does not easily take up and/or activate the usual fluorochromes.
With cortices, it suffices to dilute the Mg2+ concentration from 10 to 0.5 mm in the presence of a pCa of 5 at pH 7.0 to induce exocytosis via membrane fusion [7] . When compared with these standard conditions (without nucleotides added; see above), additional stimulation can be achieved by GTP (Tables 2 and 3 ). This might be the reason why, in our previous work [7] , only less than half of the expected trichocysts could be released in vitro.
Only with hydrolysable ATP or GTP were identical results achieved in vivo and in vitro (Table 5 , Fig. 5 ), thus stressing their physiological relevance. With systems in vitro one has to consider that any added compound is in contact with both the intra-and the extracellular sides. In our case, trinucleotides impaired cell [7] , this precludes a direct fusogenic effect of Ca2". In our case, the pCa required for exocytosis in vitro (Table 2 ) was 6.1-7.7 (half maximal) or 5.4-6.7 (maximal), depending on the GTP concentration present. This is within the pCa range occurring in these cells (Table 1 ) and within the range required for the same response in cortices derived from egg cells [9] .
Priming effect of ATP and trigger effect of GTP In accordance with previous data [7] ATP was inhibitory when present during exocytosis (Tables 3 and 4 ). This effect must take place at the level of membrane fusion, since microinjected ATP also retards exocytosis (Table 5 ) over a time period comparable with the ATP pool turnover time [17] . However, as postulated before [7] , we found that ATP exerts a stimulating (priming) effect when used for preincubation of cortices before triggering of exocytosis (Table 4) . Although discussions on the requirements of ATP for exocytosis have been quite controversial [1] , it has become increasingly accepted that ATP might prime exocytosis sites in a variety of systems [1, 2, [23] [24] [25] . This priming effect of ATP becomes particularly clear when GTP is added during exocytosis triggering (Tables 3 and 4 [26] or, after microinjection, in oocytes [27] , whereas App[NH]p has no effect on permeabilized mast cells [24] . In our system we found a discrepancy only between in vivo (intracellular) and in vitro (intra-and extracellular) application of ATP[S] ( [7] , make it plausible that we see no changes 1 s after triggering (Fig. 4) , when samples were taken. This is unlike the situation with GTP, which has a smaller pool, and whose involvement in exocytosis regulation can be seen from its effects both in vivo and in vitro (Figs. [5] [6] [7] and from the rapid GTP hydrolysis observed (Fig. 4) . The additive effects of sequential application of ATP and GTP (Table 4) [23, 28] , neutrophils [29] , platelets [30] and oocytes [31, 32] [33] and digitonin-treated isolated chromaffin cells [25] are inhibited by GTP[S], though with actoxin other results were different [34] . When [6] , 107 GTP molecules would be consumed per event; considering the short time required for initiation of membrane fusion [6, 36] and an acceptable catalytic-centre activity, the mass of enzyme protein required to explain the GTP turnover observed could not be accommodated exclusively at the fusogenic site proper. Therefore, as with some other systems, the precise site(s) of GTP consumption cannot yet be indicated. From our data we also have to assume the occurrence of guanine-nucleotide-binding proteins, possibly of different kinds, as postulated by others [37] [38] [39] for mast cells and neutrophils.
Conclusions
In the presence of 0.5 mM-Mg2", a pCa of 5 is required to trigger exocytosis, including membrane fusion, in cortices derived from Paramecium cells. ATP may prime sites relevant for exocytosis by an unknown mechanism; GTP increases Ca2+ sensitivity to concentrations occurring in vivo, but a local pCa increase also has to be considered. These effects might be more complex than previously assumed, since subcortical Ca2+ storage and release could also be ATP/GTP-dependent. Furthermore, some effects of nucleotide analogues are different in vivo and in vitro, possibly for one or more of the following reasons: (1) nucleotides have access to the intra-or extracellular side of the cell membrane; (2) GTP might act at the fusion site proper and possibly also directly or indirectly by mobilizing Ca21j; and (3) replacement of ATP by GTP at fusion sites or their sequential consumption.
